ABSTRACT Vehicle-to-everything (V2X) communications are regarded as the key technology in future vehicular networks due to its ability in providing efficient and reliable massive connections, improving traffic efficiency and safety, and supporting in-vehicle entertainment and working. Recently, non-orthogonal multiple access (NOMA), as a promising solution in the fifth-generation (5G) mobile communication systems, has drawn much attention because it can significantly improve the network throughput and lower the accessing and transmission latency to meet the quality-of-service (QoS) requirements of many 5G-enabled applications. Noticing these, in this paper, we consider a device-to-device (D2D)-enhanced V2X network, in which NOMA is introduced to increase the capacity. In our studied NOMA-V2X system, except for the NOMA-based intra-group resource reuse, the D2D-enabled resource sharing based on spatial reuse among all the V2X communication groups is also permitted through centralized resource management, leading to a significantly improved network performance but a more complicated and challenging interference scenario. In order to efficiently manage the interference and allocate the resource in the NOMA-V2X network, we create a weighted 3-partite interference hypergraph (IHG) to imitate the complex interference environment in our studied scenario. Then, with the help of this hypergraph, we make another step to put forward an IHG-based 3-dimensional matching (IHG-3DM) resource allocation protocol with a greedy 3DM algorithm and an iterative 3DM algorithm. As a consequence, the network throughput is significantly improved with the help of our proposed IHG-3DM resource allocation protocol for the investigated NOMAintegrated V2X communications, which is verified by the simulation results.
I. INTRODUCTION
In recent years, the explosive growth of vehicles and heavy information demands have introduced vehicles into communication networks, and made the demand for communication services in vehicles increase. The newly emerging
The associate editor coordinating the review of this manuscript and approving it for publication was Fuhui Zhou. vehicular communication networks (VCN) has become a research and industrial, since it promotes the development of intelligence and cyberized vehicles. The VCN applications in the fifth generation (5G) mobile communication systems have ever-increasing quality of service (QoS) requirements of ultra-high reliability vehicular communications [1] , to make VCN safer, smarter and more efficient. By enabling vehicles to exchange information with other vehicles VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ (i.e., vehicle-to-vehicle, V2V), infrastructures (i.e., vehicleto-infrastructure, V2I) and cloud (i.e., vehicle-to-cloud, V2C), vehicle-to-everything (V2X) communications can combine many different scenarios to meet different service requirements, including modern intelligent transportation [1] - [3] . V2X communications can be well compatible with the existing road traffic system and communication system, and maximize people's travel efficiency and communication efficiency under effective management [4] , [5] .
In all the applications of VCN, the vehicle ad-hoc network (VANET) enables communication in V2V during vehicle movement, as well as in V2I at low speed or at rest. Some unfavorable factors, including narrow bandwidth, high mobility, and high node density, have brought great challenges to the design of VANET transmission control protocol. But at the same time, the channel state information (CSI) and vehicle location can be obtained easily in VANET, which is of great significance to design efficient and reliable transmission control protocols [6] , [7] . In 2010, the IEEE 802.11p was proposed to form the basic protocol framework for vehicular wireless communications. The IEEE 802.11p has extended the traditional wireless short-range network technology and made a number of specific improvements for vehicular communications, including more advanced hotspot handoff schemes, better support for new communication environment, improved the efficiency of communications, enhanced the user experience, etc. IEEE 802.11p can also reduce the costs of deployment, increase bandwidth, and collect traffic information whenever necessary [8] .
In order to meet the growing QoS requirements and the increasing amount of communication data traffic, device-todevice (D2D) communications has been considered to be an effective way of cellular data offloading [9] . D2D communications can increase the cell capacity and spectral efficiency on condition that the interference generated by all the communication links can be managed through effective wireless resource allocation scheme [10] . D2D allows resource allocation under the control of the base station (BS) as well as information interaction without the network infrastructure, which makes it more flexible compared with other pass-through technologies that do not rely on the basic network facilities. Many studies have conducted remarkable research on D2D applications. In [11] , by optimizing transmit power and allocating resources effectively, the authors maximized the sum rate of hybrid mode D2D communication system. They studied the channel allocation schemes for D2D links and the optimal power allocation schemes for different modes, thus the overall network sum rate has been greatly improved under the predetermined objective. This study pointed out that mixed mode D2D can help improve the performance of heterogeneous D2D networks. In addition, centralized control of the underlying system of D2D can achieve more efficient and effective deployment of the whole network resources. In [12] , the authors studied the possibility of running V2V connections when coexisting with V2I links in the D2D underlay mode, based on the characteristics of the D2D communications and the nature of the vehicular networks. Several improvement schemes for vehicles, including interference control mechanism, predictive resource allocation method and road side unit (RSU) cooperative scheduling method, have been proposed to improve the overall system performance in the intelligent transportation systems (ITS). And it has also indicated that D2D for ITS was still a challenging area, waiting for innovative and practical solutions.
Power domain non-orthogonal multiple access (NOMA) is a promising key multiple access technology in 5G to improve the spectral efficiency significantly, meet the increasing demand in mobile data traffic, and lower the latency compared with traditional orthogonal multiple access (OMA) including frequency division multiplexing (FDM), time division multiplexing (TDM) and code division multiple (CDM) [13] , [14] . Whereas orthogonal frequency division multiplexing (OFDM) is the most basic technology of long term evolution (LTE) physical layer. NOMA is the technology that combines successive interference cancellation (SIC) of 3rd-generation (3G) systems and OFDM of 4th-generation (4G) systems. NOMA overcomes the near-far effect problem in 3G systems, as well as solves the co-channel interference problem in 4G systems. Unlike the previous OMA, NOMA uses non-orthogonal power domain to differentiate users, so that the data between users can be transmitted in the same time slot and at the same frequency [15] , [16] . OFDM subchannel can still be used as the smallest unit of NOMA, maintaining orthogonality and interference free between subchannels. The corresponding power of each subchannel is shared by multiple users, resulting in multiple access interference (MAI). Therefore, NOMA uses SIC to detect and eliminate multiuser interference at the receiver to ensure the quality of communication.
In recent years, it has become popular to adopt NOMA in vehicular networks. In [17] , the authors studied the latent capacity for NOMA in V2X scenario, as well as the difficulty in the next generation communications. In [18] , the key issues of interference management and handover in NOMA-enabled 5G vehicular communication systems were studied. A layered power control scheme was proposed to perform joint optimization of cell association and power control to improve the spectral efficiency of the NOMA-enabled 5G vehicular communication system, as well as to adapt to the traffic load conditions and the high mobility. And the authors in [19] studied the power allocation problem for NOMA-enabled heterogeneous vehicular communications with imperfect channel estimation. The effect of channel estimation error caused by high mobility in vehicular communications on achieving effective power allocation and link reliability was demonstrated, and then an improved scheme was proposed. Recently, a spatial-reuse permitted NOMA-V2X network was proposed in [20] resulting in a serious interference environment, and thus the authors constructed an interference hypergraph to deal with the problem. However, the interference model in [20] only considered the conditions that whether the interference exceeded a fixed threshold or not, and ignored the influence of the interference level, which cannot reflect the real interference environment. Therefore, the effect of the performance optimization for NOMA-V2X networks based on resource-sharing has been limited. At present, the issues of resource allocation and interference management in vehicular communication scenarios with NOMA applied are still need to be solved efficiently.
Recently, graph theory has been widely used in wireless resource scheduling [21] , and has achieved good performance. Therefore, it may provide a reliable solution for the scenarios studied in this paper by applying graph theory. In order to solve the resource sharing problem in vehicular networks including both V2V and V2I communication links and achieve a good performance in terms of the sum rate, the authors in [22] proposed two interference graph-based resource-sharing schemes. By constructing an interferenceaware graph in vehicular networks, the relationships between the communication links can be expressed clearly, and thus it makes the resource allocation problem easier to be solved efficiently.
In this paper, we investigate the resource allocation problem in NOMA-V2X networks, where both NOMA and spatial reuse-based resource sharing for V2X communications are coexisting under the control of the BS or RSU [20] . Then, we create a weighted 3-partite interference hypergraph (IHG) to imitate the complex interference environment in our studied scenario. Then, with the help of this 3-partite hypergraph, we make another step to put forward a 3-dimensional matching (3DM) resource allocation protocol including a greedy 3DM algorithm and an iterative 3DM algorithm to solve the resource block (RB) allocation problem, resulting in effective RB allocation with acceptable computational complexity. As a consequence, the network throughput is significantly improved with the help of our proposed IHG-3DM protocol for the investigated NOMA-V2X communications, which is verified by the simulation results. The main contributions of this paper are summarized as follows.
• In order to meet the QoS requirements of future 5G-enabled vehicular applications, this paper proposes to integrate the NOMA techniques and D2D-enabled V2X communications to form a novel architecture for 5G-enabled vehicular networks, namely NOMA-V2X, which can significantly improve the network performance. In the NOMA-V2X architecture, three main types of communication groups co-exist, i.e., the V2I group, the multi-V2V group, and the uni-V2V group. Different communication groups can share the spectrum resources through D2D underlaying based spatial reuse, while NOMA is employed in both V2I and multi-V2V groups to increase the intra-group transmission efficiency. The introduced NOMA-V2X architecture can sufficiently exploit both the advantages of NOMA and spatial reuse in improving the spectrum efficiency.
• Although the NOMA-V2X architecture has the potential to obviously improve the network throughput, it is very challenging for the interference control and resource allocation problem in such a scenario with complicated and dynamic interference relationships among communication links. To efficiently solve the resource allocation problem in our studied NOMA-V2X systems, we create a weighted 3-partite interference hypergraph to imitate the complex interference environment and the heterogeneous relationships among all the communication groups. In the 3-partite hypergraph, the vertices represent the communication groups (i.e., multi-V2V, uni-V2V, and V2I), the hyperedges represent the interference among communication groups, and the hyperedge weights denote the achieved throughput.
• In addition, we further establish a weighted interference hypergraph-based 3-dimensional matching (IHG-3DM) resource allocation protocol, which can achieve effective RB allocation with acceptable computational complexity. In the proposed protocol, two RB allocation algorithms, that is, the iterative 3DM algorithm and the greedy 3DM algorithm are further provided. The greedy 3DM algorithm achieves suboptimal network performance with very low complexity, whereas the iterative 3DM algorithm can lead to much better network performance with an acceptable increase in the computational complexity. The remainder of this paper is organized as follows. In Section II, we present the system model of the investigated NOMA-integrated V2X scenario and analyze the corresponding objective of this paper. Section III gives the detailed description of the 3-partite hypergraph construction and proposes the IHG-3DM resource allocation protocol including an iterative 3DM algorithm and a greedy 3DM algorithm. In Section IV, the simulation methods, details and results are introduced and evaluated. We conclude our paper in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM DESCRIPTION
As illustrated in Fig. 1 , there are three types of communication groups in our investigated NOMA-V2X communication scenario [20] . The multi-V2V communication groups are denoted by M = {1, 2, · · · , M }. The uni-V2V communication groups are denoted by U = {1, 2, · · · , U }. And the downlink V2I communication groups are denoted by V = {1, 2, · · · , V }. In our studied NOMA-V2X system, multi-V2V and downlink V2I communication groups apply NOMA techniques to improve the spectral efficiency. In addition, different communication groups are permitted to reuse the same RB when the QoS guaranteed through effective interference management. As for multi-V2V communications, there is one lead vehicle behaving as the transmitter and broadcasting the superposed messages to all the other vehicles by exploiting NOMA techniques within the same group. The two vehicles in each uni-V2V communication group can exchange information with each other as a D2D underlay to other communication groups. As for V2I communications, the RSU transmits the superposed signals with NOMA techniques to all the vehicles contained in the same NOMA group. OFDM is applied in our investigated NOMA-V2X scenario, where the set of RBs is denoted by R = {1, 2, · · · , R}. Although the applied NOMA technique and the resource sharing mode may bring significant improvement in network spectral efficiency, they will meanwhile make the interference scenario in NOMA-V2X networks more complicated and severer. Hence, whether the caused interference can be effectively limited determines the performance achieved by the investigated NOMA-V2X network. In our investigated NOMA-V2X scenario, we mainly consider two kinds of interference. The interference caused by the superposition signals with NOMA namely intra-group interference. The interference caused by the resource reusing among different communication groups namely inter-group interference. In the studied NOMA-V2X network, multi-V2V and downlink V2I communications suffer two kinds of interference at the same time, whereas the uni-V2V communication group only suffers the inter-group interference. Therefore, in order to achieve the potential benefits of NOMA-V2X in vehicular networks, our main objective in this paper is to control the interference and allocate the resource among different communication links through low-complexity protocol, and finally improve the network throughput.
B. SUCCESSIVE INTERFERENCE CANCELLATION
With NOMA, the introduction of overlapped information at the transmitter may bring higher spectral efficiency, but it also causes the MAI problem. In the literature, SIC has been regarded as a promising way to eliminate the MAI [23] , [24] . In NOMA systems, SIC can be also implemented at the receivers for multi-user detection. The basic idea of SIC is to adopt a step-by-step interference eliminating strategy, and the messages are detected one by one in the received signal. After the amplitude recovery, the MAI generated by one user's signal is subtracted from the received signal. Then, the receiver detects the messages again in the remaining signals and subtracts the MAI generated by another user's signal. The receiver will repeat this operation until all the MAIs are eliminated. The order of the interference elimination is decided in view of the power of the users' signals. The BS allocates different signal power to different users through power multiplexing techniques to distinguish the users and obtain the maximum system performance gain. In a typical NOMA system, as shown in Fig. 2 , the BS sends the superimposed messages to the users with different power. To make sure the user with a worse channel condition (i.e., user A) can decode its own message immediately by ignoring the other users' messages as the noise, the BS needs to allocate more transmit power to user A. Whereas the user with a better channel condition (i.e., user B) is allocated with less transmit power, and thus user B has to first decode user A's message, and then subtract it from its received signal to get user B's own message.
C. PROBLEM FORMULATION
Generally, the number of vehicles included in one NOMA group is random. A fixed number of vehicles in one NOMA group can limit the multi-user interference within the NOMA group and reduce the computational complexity. Without loss of generality, we assume that there are Q vehicles in each multi-V2V communication group. At the same time, we assume that there are Q − 1 vehicles in each V2I communication group. Denote Q = {1, 2, · · · , Q} and Q − = {1, 2, · · · , Q − 1}. In a multi-V2V group m ∈ M, m 1 transmits the NOMA superposition signals, whereas m i (i = 1, i ∈ Q) receives the signals. In a V2I communication group v ∈ V, v j (j ∈ Q − ) receives the NOMA superposition signal from the RSU. As for uni-V2V group u ∈ U, u 1 transmits signals to the receiver u 2 . Meanwhile, let m ∈ M denotes another multi-V2V group different from m, and thus m 1 will transmit the NOMA superposition signals to the receivers m i (i = 1, i ∈ Q). Similarly, let u ∈ U denotes another uni-V2V group different from u, then, u 1 will transmit the NOMA superposition signals to the receiver u 2 . The notations in this paper are set as follows: denote the interferences from m 1 to u 2 , u 1 to u 2 , and RSU to u 2 , respectively. In NOMA systems, superposition coding is needed at the transmitter to superpose all users' messages together, thus the NOMA receivers need to apply SIC in order to decode their own messages. As the transmitter in a multi-V2V group m ∈ M, m 1 transmits the superposed messages to the NOMA receivers within the same communication group m ∈ M under different transmit power. Therefore, the received signal on RB r ∈ R at m i (i = 1) can be given as
where a m a m a m = {a m 2 , a m 3 , · · · , a m Q } denote the transmit power allocation coefficients. x m q and P m are the transmit signal and transmit power from m 1 to m i (i = 1, i ∈ Q), respectively. x u and P u are the transmit signal and transmit power from u 1 to u 2 , respectively. x v and P v are the transmit signal and transmit power from the RSU to v j (j ∈ Q − ), respectively. And x m is the transmit signal from m 1 to m i (i = 1, i ∈ Q). ζ m i is the additive white Gaussian noise (AWGN) with the variance σ 2 . The RB allocation indicator is denoted by the vector η η η ∈ N. η m m = 1 when m ∈ M and m ∈ M are working through the same RB r ∈ R simultaneously, otherwise, η m m = 0. Therefore, the received signal to interference and noise ratio (SINR) at m i (i = 1) can be given as
Similarly, the received signals at the uni-V2V group u can be given as
where x u denotes the transmit signals from u 1 .
The received SINRs at the uni-V2V group u can be given as
Analogously, the received signals at the V2I group v can be given as
The received SINRs at the V2I group v can be given as
The ζ u 2 in Eq. (3) • Interference:
where * m can be replaced by m , u, or v, which denote the parameters at multi-V2V group m , uni-V2V group u, or V2I group v, respectively. * u can be replaced by m, u , or v, which denote the parameters at multi-V2V group m, uni-V2V group u , or V2I group v, respectively. * v can be replaced by m or u, which denote the parameters at multi-V2V group m or uni-V2V group u, respectively. * intra can be replaced by m i or v j , which denote the parameters at multi-V2V group m or V2I group v, respectively. In addition, the η Then, based on all the formulas above and the Shannon formula, we can get the expression for calculating the sum rate of the whole network, which can be given as
Based on the above analysis, we first fix the power allocation coefficients, so that the RB allocation problem for the NOMA-V2X system can be expressed as
where Eq. (8b) ensures that the received SINR at each vehicle is greater than the demodulation threshold. Eq. (8c) limits the number of RB that can be allocated to each communication group to 1. Eq. (8d) restricts the number of communication groups that can reuse the same RB at the same time, so as to ensure that each communication group in the same RB can obtain a required QoS.
III. IHG-3DM RESOURCE ALLOCATION PROTOCOL
In this section, we utilize the weighted 3-partite interference hypergraph to imitate the complex interference environment in our studied NOMA-V2X system. Next, with the help of this 3-partite hypergraph, we make another step to put forward an IHG-3DM RB allocation protocol with two efficient 3DM algorithms, that is, the greedy 3DM algorithm and the iterative 3DM algorithm.
A. HYPERGRAPH CONSTRUCTION
Similar to D2D communications in cellular networks, here in our investigated NOMA-V2X network, both multi-V2V and uni-V2V groups can also behave as an underlay to V2I groups to enhance the network performance. However, the resulted interference relationships become much more complicated than the cellular-D2D scenario. In order to model the complicated interference scenario more efficiently and reduce the resource allocation complexity, multi-V2V and uni-V2V groups are first pre-partitioned based on their mutual interference to form a spatial reuse cluster. For the group pre-partition, we first divide the multi-V2V and uni-V2V groups into different clusters C = {1, 2, · · · , C} based on their mutual interference. In order to efficiently calculate the interference value between the groups, we exploit a weighted graph to model the interference relationships among the multi-V2V and uni-V2V groups. We use Fig. 3 to express the connection between multi-V2V/uni-V2V groups and their weights. As illustrated in Fig. 3 , each multi-V2V/uni-V2V group is modeled as a vertex while the connected edge weight α k,k is set to capture the interference level from the k th vertex's transmitter to the kth vertex's receiver.
Referring to [27] , the procedure of the partition algorithm is provided in Algorithm 1. First, we assign each cluster one multi-V2V or uni-V2V in an arbitrary manner. Then, by checking the intra-cluster interference value, we further add each remaining multi-V2V and uni-V2V group to a cluster that resulting in the lowest intra-cluster interference value.
Algorithm 1 Partitioning Algorithm
Input: M, U. Arbitrarily assign one vertex to each of the C clusters. foreach k ∈ {M, U} and not already in any cluster do for n = 1 : C do Calculate the increased intra-cluster interference using
end Assign the kth vertex to the n * th cluster with n * = argmin After all the multi-V2V/uni-V2V groups are partitioned, the interference environment in the studied NOMA-V2X system can be modeled as a hypergraph. As for a hypergraph, if all the hyperedges have the same number of vertices (like z), the hypergraph is called a z-uniform hypergraph. If the vertices of z-uniform hypergraph can be divided into z disjoint non-empty subsets to make all the vertices of each hyperedge not in the same subset, then the hypergraph is a z-partite hypergraph.
Let HG = (HV, HE) be a 3-partite hypergraph, where HV is the set of vertices representing communication groups or RBs, and HE is the set of hyperedges representing the matching relationships between vertices. The weight ω for the hyperedge is set to be the sum rate achieved via the denoted RB and communication groups matching. Here, the RB allocation problem in Eq. (8) can be modeled as an effective matching in the weighted 3-partite hypergraph HG shown in Fig. 4 . Note that the number of the clusters C is dynamically set according to the scenario and the number of communication groups. Here for the convenience of constructing the 3-partite hypergraph, we set the number of the clusters equal to that of V2I groups, i.e., C = V .
It is worth mentioning that, different V2I groups with the same RSU as the transmitter cannot reuse the same RB at the same time in the investigated NOMA-V2X network, due to significant co-channel interference without NOMA design crossing different V2I groups. Whereas the V2I groups belonging to different RSUs can still reuse the same RB based on our proposed IHG-3DM RB allocation protocol.
Then, the hypergraph matching problem can be formulated as an integer program:
s.t.
e∈δ (v) t(e) ≤ 1, ∀v ∈ HV (9b)
t(e) ∈ {0, 1}, ∀e ∈ HE (9c) where δ(v) denotes the set of hyperedges containing vertex v, and let t(F) = e∈F t{e} denoting a subset of hyperedges F ⊆ HE. Therefore, our objective is to find an optimal t(e), which satisfies Eq. (9). Then, we get an independent set HV so that Eq. (8) is satisfied.
B. IHG-3DM RB ALLOCATION PROTOCOL
In this section, with the help of our created weighted hypergraph, we put forward the IHG-3DM RB allocation protocol. The detailed procedure of the proposed IHG-3DM RB allocation protocol is provided in Fig. 5 .
First, the central BS or RSU collects the information of all the vehicles in the current area, including the location information and the communication mode (i.e., multi-V2V, uni-V2V or V2I). Then, the multi-V2V and uni-V2V vehicles are clustered properly to initially limit the intra-group interference through RB sharing and construct the weighted 3-partite hypergraph.
After that, a greedy 3DM algorithm or an iterative 3DM algorithm will be processed to allocate RBs according to different conditions based on the constructed 3-partite hypergraph, resulting in an appropriate matching. Note that the time-varying channel characteristics and the locations of the vehicles will change along with time. Therefore, we need to update the graph/hypergraph and reprocess the corresponding algorithms periodically, ensuring the constructed graph/hypergraph can reflect the current channel state well. The algorithms proposed in the IHG-3DM RB allocation protocol (i.e., the greedy 3DM algorithm and the iterative 3DM algorithm) are described in the following sections.
C. GREEDY 3DM ALGORITHM
The greedy 3DM algorithm can find a suboptimal result of t(e) in a greedy manner with low complexity, in which we search all the vertices to choose an independent set of hyperedges with the highest weight in the 3-partite hypergraph HG [25] . In the proposed greedy 3DM algorithm, the matching that maximizes the current sum rate is selected at each step. We first sort all the hyperedges in the descending order according to their weights. Then, we select the hyperedge with the maximum weight as part of the output matching sequentially, and skip the hyperedges that intersect the selected hyperedges. The detailed procedure of the proposed greedy 3DM algorithm is shown in Algorithm 2.
The N [e] in Algorithm 2 denotes the set of hyperedges that intersect the hyperedge e, note that e ∈ N [e].
The greedy 3DM algorithm is a straightforward but efficient algorithm, which leads to suboptimal solution with very low complexity. During the procedure of the algorithm, each choice simplifies the problem to a smaller sub-problem, which greatly improves its efficiency.
D. ITERATIVE 3DM ALGORITHM
In the proposed greedy 3DM algorithm, after choosing the hyperedge with the maximum weight for each vertex, we ensure that the other vertices in the same hyperedge do not intersect with all the selected hyperedges, which makes the other vertices in this hyperedge lose the possibility of choosing their own maximum-weight hyperedge.
In order to avoid the disadvantages of the greedy 3DM algorithm and make the global result more optimized,
Algorithm 2 Greedy 3DM Algorithm
Input: HG, ω, C, V. Initialization: P ← ∅. HE sort = sort(HE,'descent') for e ∈ E sort do if N [e] ∩ P = ∅ then P ← P ∪ e end end Output: Matching P.
we further propose an iterative 3DM algorithm referring to [26] , [27] for different communication groups in the NOMA-V2X network.
In order to simplify the formulated optimization problem and reduce the computational complexity to find a nearoptimal solution, we have the relaxation of the integer program in Eq. (9) as
e∈δ (v) t(e) ≤ 1, ∀v ∈ HV (10b)
Therefore, the objective here is to find a result of t(e) as a basis, which satisfies Eq. (10), and then obtain the final matching in an iterative manner. First, the iterative 3DM algorithm solves a linear programming relaxation and obtains a basic solution, which is used to obtain an integral solution iteratively. Then, it rounds up the large value variables to solve the problem and gets an appropriate matching result. The detailed process of the iterative 3DM algorithm is summarized in Algorithm 3.
Algorithm 3 Iterative 3DM Algorithm
Input: HG, ω, t, C, V. Initialization: F ← ∅. while HE − F = ∅ do Find a hyperedge e with t(N [e] ∩ (HE − F)) ≤ 2 Set e i ← e Set F = F ∪ {e i } end P ← Local-Ratio(F, ω) using Algorithm 4 Output: Matching P.
In Algorithm 3, the solution t to the linear program Eq. (10) is basic. Some linear programming algorithms, such as simplex algorithm, should be used to obtain a basic solution to the linear program [27] .
It is worth mentioning that, the time-varying channel characteristics and the locations of the vehicles will change along with time. But the moving distance of a vehicle is small within time τ (in the magnitude of milliseconds), and the
Algorithm 4 Local Ratio Algorithm (A Recursive Subroutine)
Input: F, ω. Initialization: F = {e ∈ F : ω(e) > 0}. if F = ∅ then Return ∅ end Choose from F the hyperedge e with the smallest index. Decompose the weight vector ω = ω 1 + ω 2 where
{e}is a matching then
Return P := P ∪ {e} else Return P := P end Output: Matching P.
location of a vehicle after a movement in τ on the driveway is highly predictable due to relatively stable movement feature of the vehicles along the road within a short period. Therefore, the proposed IHG-3DM RB allocation protocol can handle the mobility problem easily by updating the hypergraph in a dynamic manner (i.e., periodically in time τ ).
E. COMPLEXITY ANALYSIS
Assume that |HV| = ε and |HE| = λ. The proposed greedy 3DM algorithm mainly contains a sorting process, and thus the worst-case complexity of the greedy 3DM algorithm is O(λ 2 ).
As for the provided iterative 3DM algorithm, the loop terminates when HE −F = ∅, which means the total number of the iterations is ε. In each iteration, the searching operation has the complexity of O(λ 2 logλ). Whereas the local ratio algorithm given in Algorithm 4 has the complexity of O(λ 2 ), which can be called ε times. Hence, the total complexity of the iterative 3DM algorithm is O(ελ 2 logλ).
IV. NUMERICAL RESULTS AND DISCUSSIONS
Our simulation setup considers a 1km×40m 2-way street with one RSU at one side center of the road. We consider an urban micro system [28] , and the path loss (PL) is PL(dB) = 36.7log 10 
where d is the distance between the transmitter and the receiver and f c is the carrier frequency.
In the simulations, we randomly arrange vehicles in the considered area of the road. For simplicity and without loss of generality, we set Q = 3. As described in Section II-C, Q = 3 means that each multi-V2V group contains 3 vehicles, and each V2I group contains 2 vehicles. Hence, in the considered area of the road, the total number of the vehicles is set as (7, 14, · · · , 70). All the other parameters applied in our simulation are summarized in Table 1 . In order to demonstrate the superiority of our proposed NOMA-V2X network and the IHG-3DM RB allocation protocol, we employ a conventional V2X network as benchmark for performance comparison. Literature [29] presents a basic V2X scenario, including NOMA-based V2I communications and traditional V2V communications. In the V2X network investigated in [29] , V2I links can simply reuse the RBs of V2V links to some extent. As shown in Fig. 6 , the throughput achieved by our proposed NOMA-V2X network and the IHG-3DM RB allocation protocol is four times that of the conventional V2X network in [29] . Note that NOMA is applied in V2I links in [29] , so that the performance of our proposed network and protocol will be more advantageous when compared with the pure V2X network without NOMA.
In Fig. 6 , we also compare the performance of Hungarian algorithm [30] , [31] in our proposed NOMA-V2X network. Hungarian algorithm is a combinatorial optimization algorithm for solving task assignment problem in polynomial time, e.g. O(V 3 ), but it cannot be directly applied to the NOMA-V2X network we proposed. Therefore, we need to reduce the dimension of this matching problem. The first step is to partition the multi-V2V and uni-V2V groups into clusters using Hungarian algorithm, similar to the pre-partitioning in our proposed protocol. In the second step, the Hungarian algorithm is applied again to match the V2I links and the clusters. As we can see in Fig. 6 , the performance of our proposed algorithms in the NOMA-V2X network are close to the optimal solution, but with reduced complexity.
As a baseline, we also employ a random RB allocation algorithm based on the constructed 3-partite hypergraph, which randomly selects a disjoint hyperedge as part of the matching until all the vertices are allocated. In the random RB allocation algorithm, all the hyperedges need to be traversed, and a double-level loop is required in order to ensure that the selected hyperedges are disjoint, resulting in a complexity of O(λ 2 ).
In order to further demonstrate the performance improvement of our proposed NOMA-V2X network due to the addition of NOMA, Fig. 7 shows the network sum rate performance comparison among different RB allocation algorithms in both NOMA and non-NOMA scenarios, in which we can see that our proposed IHG-3DM RB allocation protocol with the iterative 3DM algorithm achieves the best network sum rate with an acceptable computational complexity as analyzed in Section III-E. And we can also find that the sum rate increases along with the number of the involved vehicles increasing. However, the increasing rate of the sum rate improvement becomes lower when the number of the vehicles further increases. This is because the NOMA-V2X system we considered contains a lot of influencing factors, and the inter-group interference can have a great impact on the performance of the system. With the number of the vehicles increasing, the number of the communication groups allocated to the same RB also increases, which means the interference relationships among the communication links become more complicated and the introduced interference is higher. Therefore, the corresponding inter-group interference and the spatial reuse gain will reach a relatively stable tradeoff through effective interference management and resource allocation.
It is also shown in Fig. 7 that the scenario without NOMA is used as a basis to highlight the advantages of applying NOMA in V2X communications. For the sake of fairness, we use the same RB allocation algorithms as those of the scenario with NOMA in the scenario without NOMA. And we set the number of the vehicles in the case without NOMA as the same as that in the case with NOMA. The only difference between the case without NOMA and the case with NOMA is that all the previous receivers are considered to be independent users and assigned orthogonal RBs.
In Fig. 8 , the cumulative distribution function (CDF) of the sum rate is compared among different algorithms for the NOMA-V2X scenario. Note that here the number of the vehicles is set as 42. The results here also indicate the performance advantages of our proposed iterative and greedy 3DM algorithms in NOMA-V2X networks. Then, we further compare the received SINR at the vehicles in V2I communications among different algorithms in Fig. 9 , where the number of the vehicles is set as 42. We can see that the received SINR with the iterative 3DM algorithm is much higher than other algorithms, which verifies its good ability in interference control in such a complicated interference scenario. Both Fig. 8 and Fig. 9 indicate that our proposed IHG-3DM RB allocation protocol with the iterative 3DM algorithm can achieve a good network performance with low complexity in the NOMA-V2X networks. Fig. 10 shows the sum rate performance comparison among different RB allocation algorithms under different RSU transmit power in the NOMA-V2X scenario. When the RSU transmit power increases, the sum rate of all the algorithms decreases accordingly. This is due to the interference level will be severer along with the increasing of the RSU transmit power, leading to heavier interference at the multi-V2V and uni-V2V receivers when sharing the same RB with a V2I communication group.
Then, we further investigate the impacts of the vehicle speed on different RB allocation algorithms in the NOMA-V2X scenario where the number of the vehicles is set as 42. The vehicle movement will impact the time-varying channel and the positions of the vehicles. With the same delay, the change of the channel state information and the vehicle positions compared with the reported ones cannot be ignored when the vehicles move fast, resulting in performance loss due to the outdated information effect. In Fig. 11 , the network sum rate with different algorithms decreases with the increase of the vehicle speed. However, one should note that even in the high mobility cases, the performance of our proposed IHG-3DM RB allocation protocol with the iterative 3DM algorithm is still much better than that of the others.
In addition, we also simulate the performance under different updating intervals, using different RB allocation algorithms in the NOMA-V2X scenario. With a fixed vehicle speed (set as 25m/s in this simulation), a longer updating interval will also lead to larger difference between the real-time channel state and the reported one for the hypergraph construction. Fig. 12 indicates that, the sum rate first increases as the updating interval τ decreases. But the improvement in the sum rate becomes slow when the updating interval τ continues decreasing. This is because when the updating interval τ is small enough, the channel state will almost stay the same between neighboring updating periods, and thus the constructed hypergraph can well describe the current channel state and interference relationships. Therefore, further reducing the updating interval will not lead to obvious performance improvement.
V. CONCLUSIONS
In this paper, we investigated the resource allocation problem in NOMA-V2X networks, where both NOMA techniques and resource sharing based on spatial reuse are employed to improve the network performance. Then, a weighted 3-partite interference hypergraph was constructed to imitate the complex interference environment among all the V2X communication groups. With the help of our created 3-partite hypergraph, we put forward an IHG-3DM resource allocation protocol including a greedy 3DM algorithm and an iterative 3DM algorithm to solve the RB allocation problem. As a consequence, the network throughput was significantly improved with the help of our proposed IHG-3DM resource allocation protocol for the investigated NOMA-V2X communications, which was verified by the simulation results. Since 2010, he has been a Principal Investigator of over ten funded research projects. His current research interests include the areas of signal processing, wireless communications, and networking. He has authored or coauthored over 50 journal papers, 30 conference papers, and two books in these areas. He was a recipient of two Outstanding Paper Awards She is currently a Professor with Colorado State University. Her general research interests include signal processing with applications to communications, networking, and power systems, on which she has published more than 310 journal and conference papers, four book chapters, and five books. 
